INTRODUCTION
MAG is an important industrial welding process, preferred for its versatility, speed and the relative ease of adapting the process to robotic automation. Developments in arc welding processes are strongly related with the need to increase productivity without losing the quality of the weld. [1] [2] [3] [4] [5] The reduction of costs and competitive pricing are each day more strongly related with technological innovations. [6] [7] [8] [9] [10] [11] The properties of steel welded structures depend on many factors such as welding technology, filler materials, state of stress. The main role of these conditions is also connected with the materials, the chemical composition of steel and the weld metal deposit (WMD). [12] [13] [14] [15] [16] The chemical composition of metal weld deposit could be regarded as a very important factor influencing the properties of the weld metal deposit (WMD). In particular, the oxygen, titanium, manganese and aluminium are regarded as the main elements that positively effect the mechanical properties and the metallographic structure of low-alloy welds. This is because of the non-metallic inclusions in weld ( Figure  1) The welding parameters, metallographic structure and chemical composition of the weld metal deposit are regarded as important factors that influence the impact toughness properties of the deposits. [9] [10] [11] [12] In a typical lowalloy steel weld structure the best mechanical properties correspond with the maximum amount of acicular ferrite (AF) in the weld metal deposit (WMD) and the minimum amount of MAC phases (self-tempered martensite, retained austenite, carbide). This article focuses on mild-steel welding and covers the new possibilities of that method. Since 2011, innovative welding technology based on micro-jet cooling just after welding has been investigated. The weld metal deposit (WMD) was carried out for the standard MAG process and for the innovative welding method with micro-jet cooling. A very high percentage of acicular ferrite (AF) in WMD was obtainable (55-73 %) for low-alloy steel welding only for micro-jet cooling after the MIG process with argon or helium. [13] [14] [15] [16] [17] [18] Argon and helium, as micro-jet gases, could provide a better impact toughness of the WMD (0.08 % C, 0.8 % Mn) than in the case of the classic MAG process ( Table  1) . Table 1 shows that argon is a more beneficial microjet cooling gas than helium. Also, it is shown that micro-jet cooling improves the amount of acicular ferrite in the weld. Helium is not such a beneficial micro-jet gas as argon and its mixtures in the MAG process (because of the high percentage of MAC phases). In that paper gas mixtures of argon with a small amount of oxygen and nitrogen were mainly tested because of the positive influence of some oxide and nitride inclusions of acicular ferrite forming and thus the very good impact toughness of the welds. 
EXPERIMENTAL PART
The weld metal deposit was prepared by welding with micro-jet cooling with gas mixtures both for the standard MAG process and the MAG welding with micro-jet cooling. The MAG welding process was based on a shielded gas mixture of 79 % Ar and 21 % CO 2 . To obtain various amounts of acicular ferrite in the WMD the installed micro-jet injector was close to the MAG welding head. The main parameters of the micro-jet cooling were slightly varied:
• cooling steam diameter (40 μm and 50 μm),
• gas pressure (0.4 MPa and 0.5 MPa),
• gas mixtures of argon (82 % Ar/18 % CO 2 and 98 % Ar/2 % O 2 and 98 % Ar + 2 % N 2 ) were chosen as the micro-jet gases.
A montage of the welding head and the micro-jet injector is illustrated in Figure 2 . The main data about the parameters of the welding are shown in Table 2 . The weld metal deposit was prepared by welding with micro-jet cooling using a larger number of parameters ( Table 3) . 
RESULTS AND DISCUSSION
We tested and compared various welds of the standard MAG process connected with those of the innovative micro-jet cooling. A typical weld metal deposit had a similar chemical composition in all the tested cases. The micro-jet gas could only have an influence on more or less intensive cooling conditions, but it does not have any influence on the chemical WMD composition (Table  3) , except for the oxygen and nitrogen amounts in the WMD ( Table 4) .
It is easy to deduce that the amount of oxygen and nitrogen was slightly increased in terms of the chemical composition of the micro-jet gas mixtures. After the chemical analyses the metallographic structure of the WMD Materiali in tehnologije / Materials and technology 50 (2016) 6, 1001-1004 (with and without micro-jet cooling) was carried out. An example of this structure was shown in Table 5 . Table 5 shows that in all cases a gas mixture of argon with oxygen is the most beneficial choice. We also observed MAC (self-tempered martensite, retained austenite, carbide) phases on various levels. In the standard MAG welding process (without micro-jet cooling) there are usually gettable larger amounts of grain-boundary ferrite (GBF) and site-plate ferrite (SPF) fraction, meanwhile in micro-jet cooling WMD both of the GBF and SPF structures were not so dominant. Ferrite with a percentage above 60 % was gettable only in one case after MAG welding with micro-jet gas mixtures: argon/oxygen or argon/carbon dioxide (Figure 3) .
The larger amount of MAC phases was especially gettable for the more intensive micro-jet cooling with a gas mixture of argon-oxygen (Tables 5 and 6) . The heat-transfer coefficient of the various micro-jet gas mixtures influences the cooling conditions of the welds (and consequently the rise in the content of the MAC phases). This is due to the conductivity coefficients (l·10 5 ), as shown in Table 6 . Analysing Table 6 , it is possible to deduce that helium could give the strongest cooling conditions, but helium was not tested in this investigation. The cooling conditions after welding using other micro-jet gases are on a similar level. After the microscope tests, the Charpy V impact toughness of the deposited metal was assessed with 5 specimens. The Charpy tests were carried out at temperatures of -40°C and +20°C only. The impact toughness results are given in Table 7 .
It is easy to deduce that the impact toughness, especially at the negative temperature of the weld metal deposit, is apparently affected by the kind of micro-jet cooling gas mixtures. Micro-jet technology always strongly improves the impact toughness of the WMD. Argon with oxygen and argon with carbon dioxide must be treated as good choices. Argon as the main element of the gas mixture with a small amount of oxygen gives better results than gas mixtures of argon with carbon dioxide and argon with nitrogen. Nevertheless, micro-jet cooling with gas mixture of argon with 2 % of nitrogen gives better results than the simple MAG welding without micro-jet cooling. This can be explained by the presence of nitride inclusions in the weld (for instance TiN) that facilitate the nucleation of ferrite AF.
CONCLUSIONS
In low-alloy steel welding there are two general types of tests performed: impact toughness and structure. Acicular ferrite and MAC phases (self-tempered martensite, upper and lower bainite, retained austenite, carbides) were analysed and counted for each weld metal deposit. These two tests (microstructure and impact toughness) proved that micro-jet technology gives a beneficial modification to the mechanical properties of the welds. The innovative micro-jet technology was firstly recognized with great success for MIG welding only with argon as a micro-jet gas. In this paper micro-jet cooling technology was for the first time described and tested for MAG welding process with various micro-jet gas mixtures of argon.
Final conclusions: • micro-jet cooling could be treated as an important element of MAG welding process, • micro-jet cooling after welding can improve the amount of ferrite AF, the most beneficial phase in low-alloy steel WMD, • gas mixture of argon with carbon dioxide and gas mixture of argon with oxygen could be treated as better micro-jet cooling media than gas mixture of argon with nitrogen, • micro-jet cooling after welding can seriously improve the impact toughness of low-alloy steel WMD, • micro-jet cooling after welding practically does not have an influence on the MAC amount in low-alloy steel WMD.
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